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Nomenclature
Symbol Description Units
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Nomenclature/Subscripts
Symbo1 Description

Refers to State Point 4
Refers to State Point 5
.- 6 Refers to State Point 6
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List of Abbreviations
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ABSTRACT

The performance potential of a room
temperature magnetic heat pump utilizing
Gadolinium and operating on an Ericsson Cycle was
investigated at magnetic flux densities of 2 and
7-Tesla which represent the upper 1limits of
conventional and superconducting
electromagnetics, respectively. At a coefficient
of performance of 5, a 7-Tesla system would
provide a cooling capacity of at best 1200 BTU
per hour per pound of Gadolinium while a 2-Tesla
system would operate at approximately 130 BTU per
hour per pound of Gadolinium. Magnetic¢ circuit
efficiency was not determined but must be high
(95 - percent or better) in order for the
magnetic heat pump performance to compete with
conventional cooling systems. It is unlikely the
magnetic heat pump investigated could approach
the performance and compactness of the
conventional cooling systems unless field
strengths much greater than 7-Tesla are possible.

ADMINISTRATIVE INFORMATION

This work was performed under the Center's IR/IED project entitled
"Magneto/Thermal Heat Pump", Work Unit 2723-135, Program Element 62766N, Task Area
ZF61512001. This work was performed in the Engines Branch, Power System Division of
the Propulsion and Auxiliary Systems Department.

INTRODUCTION

Magnetic heat pumps are based on the magnetocaloric effect by which certain
materials exhibit an increase (or decrease) in temperature with the application (or
removal) of a magnetic field. Magnetic heat pumps originally found applications only
at temperature near absolute zero using paramagnetic materials (1). Using a
ferromagnetic material having a Curie point in the ambient temperature range, a
magnetic heat pump for air conditioning is possible by utilizing a suitable
regenerative thermodynamic cycle (2), (3). Rare earth materials are effective

in this application and Gadolinium (GD) with a Curie point of 68 °F (293 °K)
is a good working material. At its Curie point, the application of a 7-Tesla
field to GD causes a temperature rise of 25°F (14 °K) or the release of 1.7
BTU/1b (4 KJ/Kg) of heat under isothermal conditions.

DTNSRDC PAS-82-11
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Magnetic heat pumps are of interest for several reasons. The number of
moving parts in the system should be small and thus high reliability is
expected. For a ferromagnetic material like Gadolinium, an Ericsson or
Stirling cycle are similar and cycle efficiency can approach the Carnot cycle
efficiency. This should provide considerable improvement over conventional

room temperature refrigeration systems which generally operate on a Rankine
type cycle.

In this study, a magnetic heat pump operating on an Ericsson cycle was
evaluated parametrically to determine expected thermodynamic performance.
Losses associated with the generation of the proper magnetic field are not
determined in this report however the effect of the magnet circuit efficiency
on the cycle performance is shown. A 2 and 7 - Tesla field strength were
examined with 2-Tesla representing the 1imit of an electromagnet and 7-Tesla
the 1imit of a superconducting magnet.

BACKGROUND

A typical magnetic heat pump consists of a porous mass of ferromagnetic
material, Gadolinium plates in this case, located in a vertical column of
fluid with an energizing magnet surrounding the column at the location of the
Gadolinium plates. At least one of the working substances must move. One
case is to allow the column of fluid to remain stationary and to move the
Gadolinium Tocated in the column up and down. This also requires moving the
magnet which surrounds the column with the Gadolinium, resembling test setups
by Brown (3). One of the drawbacks of this setup is that the magnet and
Gadolinium are separated by the column wall plus gaps to allow for movement,
all resulting in a degradition of magnet performance.

The arrangement investigated keeps the Gadolinium (and thus the magnet)
stationary and moves the column of fluid back and forth through the
Gadolinium. This allows the Gadolinium to be in as close a proximity to the
magnet as possible to minimize magnetic losses. Moving the liquid column
requires the system to be about twice as long as the above stationary fluid
case using the same Gadolinium geometry.

Figure 1 shows a schematic of the magnetic Ericsson cycle investigated.
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Figure 2 and 3 show the magnetic Ericsson cycle entropy-temperature diagram
and the fluid column and Gadolinium temperature profiles, respectively. The
working fluid was assumed to be water and all points in the cycle are numbered
similarly in the figures. The column would be mounted vertically with the
cold end at the bottom and the hot end at the top to avoid fluid mixing caused
by density differences in the fluid column. Heat exchangers are located at
the top of the column to remove the heat of magnetization from the fluid and
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Figure 1: Magnetic Ericsson Cycle Heat Pump Schematic
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Figure 2: Magnetic Ericsson Cycle Entropy-Temperature Diagram
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Figure 3: Fluid Column and Gadolinium Temperature Profile
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at the bottom to interface with the refrigeration 1oad. Centrally located in
the column is the stationary Gadolinium surrounded by its magnet. The fluid
column is composed of essentially three sections. The cold column, the
regenerative column, and the hot column as shown in figure 1 and 3.

The Ericsson cycle ideally consists of two isothermal processes and two
constant pressure processes. Referring to figure 1 to 3, the cycle operation
is as described below:

1-2: ldeally, this is an isothermal process during which the magnetic
field is decreased from some maximum value to some minimum value.
The demagnization produce a cooling effect in the Gadolinium plates
and heat is transferred from the water flowing thru the Gadolinium
plates to maintain the plates at constant temperature while chilling
the water. Because temperature differences are required between the
water and the plates for heat transfer to actually occur,
isothermal operation is possible from state points 1' to 2 only with
1 to 1' representing a 1oss due to the finite temperature
differences required for heat transfer.

2-3: This is a regenerative process during which heat is transferred from
the water column to heat the plates. Because entropy change in the
Gadolinium at low or no field shows a definite peak centered on the
Curie temperature, an appropriate variation of the applied magnetic
field during this regeneration process is necessary so that the
entropy change from statepoints 2 to 3 can be balanced with an equal
but opposite entropy change during regenerative process 5 - 6.

3-4: The hot water column passes through the Gadolinium plates and acts
as a continuation of the regeneration process 2 - 3. Heat is
transferred from the fluid to the plates.

4-5: 1deally this is an isothermal process during which the magnetic

field is increased to its maximum value. The magnization of the
Gadolinium produces a heating effect and this heat is transferred to
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the water flowing through the plates to maintain the plate at
constant temperature. As in process 1 - 2, temperature differences
are required between the water and the plates for heat transfer to
actually occur. Thus jsothermal operation is only possible from
state points 4' to 5 with 4 to 4' representing a 1oss due to the
establishment of the finite temperature differences.

5-6: This is a regenerative process during which heat is transferred from
the Gadolinium plates to the water flowing through them. The
magnetic field is at its maximum and held constant while the plates
are cooled in the regeration.

6-1: The cold column passes through the Gadolinium plates and acts as a
continuation of the regeneration of process 5 - 6. Heat is
transferred from the plates to the fluid.

The fluid is pumped toward the cold end heat exchanger for cycle points
1-2-3-4. Then the direction of pumping is reversed toward the hot end heat
exchanger for cycle points 4-5-6-1. When the cold column reaches the cold end
heat exchanger or the hot column reaches the hot end exchanger, external loops
exchange the cooling load and the heat of magnetization, respectively.

CYCLE DETAILS

To simplify the analysis it was assumed that the Gadolinium geometry
would be parallel flat plates as shown in figure 4. Water flowing between the
plates either adds heat to or removes heat from the plates. Since the plates
act as a restriction to the flow in the assumed constant cross-sectional area
fluid column channel, the water velocity between the plates, Vo, is greater
than the fluid column velocity, Vq ', and is given by,

t +S

Vpr —B—F * v, (1)

p
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WcL = COLUMN WIDTH

Lp = PLATE LENGTH

Hcu = CHANNEL HEIGHT

tp = PLATE THICKNESS

Sp = PLATE SPACING

Vp = PLATE CHANNEL VELOCITY

Figure 4: Gadolinium Plate Geometry
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Velocity through the plates is important since it helps determine whether the
water side heat transfer coefficient is based on a l1aminar or turbulent heat
transfer correlation. Laminar flow heat-transfer coefficients were based on
average conditions from tabulated data in reference 4 for flat ducts.
Turbulent heat transfer coefficients were obtained using the following
correlation for turbulgnt f1ow(5):

Ke _ 0.8 . 0.33 2)

hD = 0.023 D-g— Re pr °°

The overall transmittance between the Gadolinium plates and the water was
calculated by

U= (3)
1 + —P-.r
hg 24*k

Table 1 presents physical properties of Gadolinium that were used in the
calculations in this report. For all calculations in this report average
conditions are used. Thermodynamic properties of Gadolinium in the presence
of a magnetic field were obtained from reference 6 and are plotted in figure 5
as a function of entropy versus temperature for magnetic fields from O to 7
Tesla. This data was tabulated for use in the computer program (See Appendix
A) that was written to perform the cycle calculations. Figure 5 shows the
nonlinearity of the entropy change at low field strength around the Curie
temperature ( 293 °K). This nonlinearity affects the cycle regeneration
processes and necessitates the variation of the field strength discussed
earlier in order to balance the entropy change during the regeneration process
between the low field strength state and high field strength state.
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Figure 5: Total Entropy of Gadolinium As A Function of
Temperature And Field Strength
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Table 1 - Physical Properties of Gadolinuim at 68°F (20°C)

Molecular Weight (Mgp): 157.25 Tbm/mole (346.74 Kg/mole)
Density ( pgp): 490.7 bm/ft3 (7.86 gm/cmd)

Speicifc Heat (“vgp) 0.071 BTU/1bm °F (.71 CAL/gm °C)

Thermal Conductivity (kgp): 5.8 BTU/Hr ft °F (.1 Watt/cm °C)

In evaluating conditions around the cycle, one of the losses that affects
performance is frictional flow losses between the plates. It was assumed that
frictional losses were dissipated as heat which heated the working fluid. The
amount of heat generated by friction is found by

QF = 4.6263 H] W AS. VP. t.N p (4)

where H, = Head Loss = vg p £ (5a)
] 2 U;_ ‘g

and AS = Plate Surface Area = 2 . LP . HCH {5b)

In the laminar flow region, friction factor can be found by assuming the plate
geometries satisfy conditions for two-dimensional, steady flow between
infinite parallel plates. Then solving the Navier-Stokes equation to obtain
heat loss and equating to equation 5 yields

F=2 ) (6)
Re * (1 + )
L
In the turbulent flow region, friction factor between the plates was assumed
to be comparable to the friction factor for a smooth pipe in turbuleut “low

and was estimated from the following curve fit of the smooth pipe friction
factor curve,

10
DTNSRDC PAS-82-11
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0.184

f = 5 (7)
Re ~°

No friction factor was determined in the transitional flow region and the flow
was assumed to go from laminar to turbulent at a Reynolds number (Re) of 3000.

Mixing losses can occur in the fluid column and at the plate inlets and
exits. Ideally, a horizontal cut through the fluid column would show the
entire layer of fluid to be at uniform temperature and velocity. However,
moving the fluid column up and down can result in velocity profile being
established across the column due to the presence of the stationary walls.
Developing turbulent flow has a nonuniform velocity profile which essentially
becomes uniform when fully developed, except close to the walls. Laminar flow
has a parabolic velocity profile when fully developed. The velocity profile
causes fluid of one temperature to be introduced into a region of fluid at
another temperature causing mixing losses due to the temperature
differential. In the analysis, mixing 1osses were considered to cause a

temperature differential across the hot and cold column ( ATmix)'

Other loses can occur in the system but were not specifically
considered. Other losses can include:

0o Inlet and exit losses at the Gadolinium plates
0 Friction between the water column and the container walls
o Pumping power to overcome losses

Although these losses are not directly considered, the first two could be
considered to be grouped in with the mixing 1oss. Pumping power will reduce
the system overall performance but would not change the cycle state points
provided the losses requiring pumping power are considered. Any losses over
and above those considered in this analysis would further reduce system
overall performance. The loses considered in this analysis should give an
overall indication of the system performance.

CYCLE ANALYSIS

In the analysis, a cold end, external sink temperature, TcoId’ that is to
be maintained by the heat pump is specified, as is the hot end, external sink
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temperature, T, ,i. In order for heat transfer to occur between the heat pump
fluid and the external heat exchanger fluids, some heat exchanger temperature
difference, THE’ is required and is specified in this analysis and assumed to
be the same for both the hot and cold end heat exchangers. Thus cold and hot
columns must be operated at some lower and higher temperatures, respectively,
tu effect the heat transfer to the external heat exchangers and are define by,

T(C) = Teord = AThE (8)
T(H) = Thop + ATyg (9)

T(C) is the temperature of the cold fluid column between state points f and 1
and T(H) is the hot fluid column temperature between state points ¢ and 4 for
the ideal cycle of figures 2 and 3. However, due to friction, mixing, and
heat transfer temperature differences, process f 1 and process ¢ 4 are not
isothermal and T(C) and T(H) were specified to be the average cold and hot
column temperatures between state points f and 1 & ¢ and 4, respectively.

Figure 6 shows the actual cycle considering losses and the heat transfer
tempeature differences. Figure 7 shows the actual fluid column and Gadolinium
temperature profiles.

The system was evaluated on a per pound of Gadolinium basis. Cooling
load was evaluated by,

= (T1 + 12 4s 7) 5, - S (60 N gou) (10)
Qg == M=y ReM) - QFl_z

Where 52 and 51 are the total entropy of Gadolinium at T2 and Tl
respectively. During this process (1—»2) the magnet field is decreased from
a maximum value at T; to near zero at T, and values of entropy are obtained
from figure 5. Since this is a coaling process, fricton generated by the
water flowing between the plates reduces the cooling l1oad by QFl_2 which is
evaluated using equation 4. Not all values for equation 10 and subsequent
equations are known at the start but initial assumptions were made and
subsequent iterations in the computer program to evaluate the cycle provided
rapid convergence to the correct values.
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The entropy change at the hot and cold end will be equal in magnitude but
opposite in sign for the ideal isothermal case. Thus for the Gadolinium,

(Sa1 = S11) 1ey = Sar = Ss1! 1wy (11)

However due to losses and temperature difference, the entropy change at the
hot and cold end are no longer necessarily equal in magnitude. It was assumed
that the temperature - entropy line from state points 2 to 4 was parallel to
the maximum, constant field temperature - entropy line from state points 5 to
1 in order to balance the 10ads on the regenerative portion of the cycle.

This requires some magnetic field variation from state points 2 to 4 and
assuming the lines are linear, entropy at point 4 for Gadolinium is found by

T, . T(H)

S a1 ~Sa) ¥ T =IO (12)

=S, + (S

4 41

Thus the heat load to the hot column is found from,

(4 -Sg)
GD

T4+ 75

Qg =(—7—— +459.7) . -(60 Nppy )+ Q (13)

4-5

with 55 being at the maximum field strength and Qp 4-5 being heat added due to
friction between the plates, which now adds to the hot end heat rejection
load. The regenerative heat loads are found from

and

60 Cy

Q¢ Neem (T5-Tg) (15)

GD

Likewise the cold and hot columns pass through the Gadolinium prior to the
change in magnetic field and exchange heat with each other where,

15
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-1 (16)

6 1)

and

=60 c N (T, ~ Ta) (17)
VD RPM 4 3

Heat transfer to and from the water is related to the mass flow rate of
1 water and the channel geometry. Based on a one pound weight of Gadolinium,

» the number of plates, N_, in the system is,

p*

1728 (18)

P Mentolp “an

NS A o

-y

Thus the column width, NCH’ is

Wey = (tP + Sp) Np (19)

The free flow area between the plates, Acp, is

: H.,S N '
o _ CH'p'P
: ' AFF R U7 (20)

Thus the mass flow rate of water, hw, through the plates is,
hy = 3600 A Vp | (21)

In calculating temperature changes in the water, an estimate of the time

for each of the three column sections (cold, regenerative, and hot) to pass

‘i through the plates was required. the column passes through the plates twice
to complete a cycle. The overall tansmittance and temperature differential in

16
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the regenerative column and the hot and cold columns during the change in
magnetic field, were close and thus the ratio of the heat transfers in these
areas, provided a close estimate of time for each column section to pass
through the plate.

QTOT = 02_3 + 05-6 + 2* (01_2 + QFl_ + 04_5 - QF ) (22)

2 4-5
then for the cold column
teord = °1-20T;TQF1-2 60 Nopy (23)
for the regenerative column
toce = 02-32:0725;-6 60 Nooy (24)
and for the hot column
thot = Qa-gT;)T QF4—5 60 Nppy (25)

Determining the temperatures at the state points is accomplished based on
a few assumptions. It is assumed at state points 1 and 4, that the
temperature of the fluid and Gadolinium are the same prior to the changing of
the magnetic field (see figs 6 & 7). Also the mean temperature of the cold
and hot fluid columns prior to changing the magnetic field was equal to the
values defined by equations (8) and (9) respectively (see figs. & & 7). Thus,
for the cold column '

.
Te) = L1 (26a)

and for the hot column

17
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T(H) = —2_ (26b)

If no Tosses or temperature difference were present, lines f-1 and c-4 would
be isothermal as previously discussed. However the two temperatures are not
equal but are different by

T

£ - Tl = ATM“X + ATF (273)

5-6
for the cold end and for the hot end

s - Te = ATy, - ATF2-3 (27b)
1 The mixing temperature change, Thix» was difficult to evaluate and was

: assumed to be some fixed temperature difference across the hot and cold

= column. The fluid flowing through the plates generates friction which in
effect adds heat to the fluid. The temperature increase of the fluid caused
by friction is obtained in the different column sections by use of ether
Taminar or turbulent equations (4 to 7) and

O |
aT. = 8 (28a)
6-1 iy cpw teord
Q
s F
N - — (28b)
6 My < tres
3
'.5 Q
13 F
,g ATF = ﬁ.__ (28C)
$ 4-5 My cpw thot
O
1 aT. = 34 (28d)
™ 3-4 mw Cp thot
& w
O
AT = 2-3 (28e)
] F

2-3 ¥ pr tREG

18
DTNSRDC PAS-82-11




Sl e i g

O
AT, = (28f)

1-2

F

1-2 LY °p,, "REG

In order for the Gadolinium and the fluid to achieve the same temperature at
points 1 and 4 heat must be transfered between the two. Thus the heat gain or
loss of the Gadolinium was reflectd in the fluid as a heat .oss or gain
respectively. The change in temperature of the fluid in exchanging heat with
the Gadolinium was at the cold end,

60 Nooy Ve (T = T.)
AT . R V6D ''6 T '1 (20a)

c

and at the hot end
60 N poy Vo (Ta= T3)
AT = -

’ (29b)
W-GD hy cpw thot

The temperature changes are shown in figure 8 which will be discussed shortly.

Additional information is still needed to obtain T6 and T3 for equation
29. This involves finding the average temperature difference in the
regenerator between the plates and the fluid. Thus,

Q
AT = 57\6 T (30a)
5-6 S "REG

REG u

(30b)
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_— s A ——
with the assumption that,
T Te = AT (31a)
6 - f REG 56
and
T - T, = AT (31b)
c 3 REG 2.3

The average temperature change of the cold and hot fluid column due to
the change in magnetic field is found by

Q
ATw = 1-2 (32a)
¢ mw cPw tco1d

and for the hot end

Q
at, = 25 (32b)
Ho My % hot -
The temperature difference between the Gadolinium and the water to effect the
heat transfer in the cold and hot column during field change is found by

Q
S gl2_+ 712 (33a)

AT =
¢z Y12 As teord

and for the hot column

O
. 4-5 (33b)
S “hot

_ Y% -

AT =
U, A

H

4'-5
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A1l the above temperatures are illustrated in Figure 6.

A1l the heat loads and temperatures have been described up to this
point. Repeated iteration with the equations presented led to a rapid
solution of the cycle in the computer program that was written to evaluate the
cycle (see Appendix A). A1l that remains is to predict performance. The
cooling load that can be transferred at the cold end to the external load is
lTess than the change of magnet energy in the Gadolinium due to friction and
heat transfer. Likewise, friction and heat transfer between the Gadolinium
and fluid make the heat rejected at the hot end differ from the magnetic
energy change. Figure 8 shows in more detail the variation of Gadolinium and
fluid temperature in the cold and hot column. Line 1f represents the
temperature distribution in the cold column when the magnetic field starts to
decrease at point 1. Line ab is the temperature distribution in the cold
column fiuid after the drop in magnetic field is completed and the fluid has
been chilled by transferring heat to the Gadolinium. Thus area labf ’
represents the amount that the fluid is chilled and is equal to the value
obtained by equation (10). However only the area a'abf' can be used to chill
the external loop. Part of the cooling load, area la'f'f must be kept in the
loop to offset frictional heating of the fluid and heat transfer from the
Gadolinium to the fluid during process 6-1. Line a'f' represents the
temperature profile in the cold column after heat transfer is completed with
the cold end external loop.

In the hot end, 1ine c4 is the temperature distribution in the hot column
at the start of the increase in magnetic field at point 4. Line de is the
temperature distribution in the fluid after the magnetic field is brought to
its maximum value and heat generated in the Gadolinium has been transferred to
the fluid. Area ec4d is the heat generated in the Gadolinium from equation
(13) that is transferred to the fluid. However area ec'd'd is the heat that
will be removed from the fluid by the external loop and may be greater than or
less than that of equation (13) depending on the magnitude of various
temperature differences and changes. Line c'd' represents the temperature
profile in the hot column after heat is removed by the hot end external loop.

In order to caiculate the actual cooling output, Qcqo14, to the external
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loop and the system coefficient of performance (COP) corrections must be made
to heat flow calculated for the Gadolinium alone in equations (10). Based on
figure 8, a correction for the cooling output was made where:

%o1d = U-2 * Feord (34)

where

AT AT
S1. 61+ o
cold ATw
C

F

(35)

for the hot end, the heat 1oad to be removed by the external loop, Qhot, was
found by correcting the magnetic heat output of equation (13) by,

Qot = Y5 *F

hot (36)
where
Fo,o=1+ Ty " oy (37)
hot AT

Wy

Thus the heat load to the external hot end loop can be greater than the
magnetic heat load of equation (13) if the frictional term is larger than the
heat lost from the fluid to heating the Gadolinium.

In calculating COP, the work input to the Toop is that obtained from
equation (13) without the frictional term. This value does not include any
losses in generating the magnetic field which would increase the actual work
input to the system necessary to generate the amount of cooling given by
equation (34). Thus
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Q%o1d 1 -Q
04_5 - QF4_5 7)m cold (38)

cop =

where o is the efficiency of generating and transmitting the magnetic field.

CYCLE RESULTS

In the analysis, it was desired to maintain an external chilled water
loop at 45°F (7.2°C) cold end with an external hot end sink temperature of
85°F (29.4°C). No loss effects were assumed in the magnetic cicuit at this
time or in the external cooling loops. Thus only the performance of the
Ericsson cycle was analyzed. The effects of the following parameters on the
cycle performance were evaluated:

Plate Spacing, Sp

Channel Length, Lp

Plate Thickness, tp

Mixing Temperature Change, ATmix
External heat exchanger temperature differential, aT,e

o O O O o

The effects of channel height, HCH’ made no noticeable change in cycle
performance for the thermal/hydraulic analysis performed and was not
considered. However, channel height is important in considering the magnetic
circuit since it represents the magnetic flow path Tength which affects magnet
performance.

Figures 9 to 13 show the effects of varing the above parameter for a
magnetic field strength of 7-Tesla while figures 14 to 18 show similar results
for a 2-Tesla field strength. Figure 9 through 18 are plotted for cooling
capacity to the external loop and coefficient of performance versus the
Gadolinium plate channel ve1ocity,ivp. The piate channel velocity is of
importance since it determines whether 1aminar or turbulent flow and heat
transfer models are used. The figures were computer plotted using a spline
fit of the data points. Some irregularities in the curves occurred at higher
velocities where the laminar to turbulent change occurs between the plates and
the prediction models change.
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MAGNETO THERMAL HEART PUMP PERFORMANCE AT 7.0 TESLA
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Figure 1la: Effects of Gadolinium Plate Thickness on Performance at 7-Tesla
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Figure 11b: Effects of Gadolinium Plate Thickness on Performance at 7-Tesla
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Figure llc: Effects of Gadolinium Plate Thickness on Performance at 7-Tesla
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Figure 12b: Effects of Thermal Mixing on Performance at 7-Tesla
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MAGNETO THERMAL HERT PUMP PERFORMANCE AT 7.0 TESLA
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Figure 12c: Effects of Thermal Mixing on Performance at 7-Tesla
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Figure 14c: Effects of Gadolinium Plate Spacing on Performance at 2-Tesla
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44 .-
DTNSRDC PAS-82-11

R it




MAGNETO THERMAL HEAT PUMP PERFORMANCE AT 2.0 TESLA

OWNNDL HEIGHT, (N.~ 2.00 MLATE SPACING, IN. <= 0.040 TEW.HOT ENO,F = 85. NIXING TDW,F- 0.0
OVNDL LENGTY, [N.= 0.50 MUATC THICKNESS, IN.- 0.01C TEWP COLD CND,F= 45. W.E.DCLTA-T,F- 0.0

600.0 S : ' — =L - 12.0 ’ i
] LR S T : ; R . %.cg:o ’ :
1 ;i TR I -l - 1 | S
1o il e dtraEmN
4 - A ' Lo | %= 12-Cyaemin
E 8 o= 18-CYQEMIN L 0.0
E —
- n
| o 0o 8
1 9’ _ 3
3 )
; , = - 8.0 %
| -
! g
! e -
S - 7.0,
3 :
P |
e
5 corlln s.o g
G
1 E » &
' - 5.0 &
[
= =
3 g w0 2
- a o
u —y
@ k3o &
Z (%]
— 4 o
Q
g - 2.0
A |
> - 1.0
|
| 0.0
1 10
GROOLINIUM PLATE CHANNEL VELOCITY - FT/SEC
w
i‘ Figure 15b: Effects of Gadolinium Channel Length on Performance at 2-Tesla
o 45

2 DTNSRDC PAS-82-11




MAGNETO THERMAL HERT PUMP PERFORMANCE AT 2.0 TESLA

CANEL MEIGNT, (M.« .00 PALATE SPRCING, IN. - 0.04D
O LENGTH, [N~ 1.00 PFLATE THIOKNESS, IN.- 0,010

600.0

TENP. HOT ENO,F - 8S. NIXING TD®,F- 0.0
1T COLD €ND,F= 45,  M.E.0OLTM-1.P- 0.0

<

<

4

COOLINE CAPACITY - BTU/HR/LB OF GD (SOLID LINES)

gso,o<.“”.§“"§”“5.£“;ui S UURU SO SOUUUOR SO SO

LESEND
8- 1-CYQLE/MIN
O= 2-CYQLEMIN
A= 4-CYQLEMIN

X = 12-CYQLE/MIN
o= 10-CYQLEMIN
V= 24-CYREMIN

8= J0-CIQEMIN

378,04 b bd il bbbt b

oo s'o

b 3.0

12.0

> 11.0

- 10.0

- 8.0

- 7.0

- S.0

- 4.0

COEFFICIENT OF PERFORMANCE (DASHED LINES)

- 2.0

- 1.0

10'
GROOLINIUM PLATE CHANNEL VELOCITY - FT/SEC
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: The results presented in figures 9 through 18 all show the highest COP's
to be occurring at the low velocities while maximum cooling capacity is
occurring at higher velocities. In general, cooling capacity increased with
channel velocity until frictional effects exceeded cooling gains and the
cooling capacity dropped off. Increasing the cycle rate increases the cooling
capacity until losses associated with establishing Targer finite
temperature differences between the Gadolinium and fluid to effect heat
transfer at the higher cycle rates offsets any further gains. These losses
result in a decrease in maximum COP with increasing cycle rate. The maximum

Ty T Y ToTT Ty

cooling capacity for a given cycle rate essentially coincides with the maximum
COP for that cycle rate.

; Comparing the 7 and 2-Tesla systems for similar geometries and

{ conditions, the 7-Tesla system provide approximately 4 to 6 times the cooling
capacity of the 2-Tesla system. The 7-Tesla system yields higher COP's than
the similar 2-Tesla system operating at the same plate channel velocity. The
7-Tesla system can operate at higher plate channel velocities and shows

il . A bl S

increasing cooling capacity up to approximately twice the cycle rate of the
similar 2-Tesla system.

Figures 9 and 14 show the effects of plate spacing, Sp, on the system
performace at 7 and 2-Tesla, respectively. Increasing plate spacing increases

the COP and permits operation over a wider range of plate channel velocities
with maximum cooling capacity being shifted to higher velocities. Maximum

cooling capacity increased slightly for the 7-Tesla case but started to

decline some for the 2-Tesla case. Thus increasing plate spacing improves

performance of the cycle. However spacing the plates further apart can have

an adverse affect on the magnet performance because of the increased void

facing the magnet and its effect on magnet performance which is not considered
! in the figures.

Figures 10 and 15 show the effects of the Gadolinium channel Tength, L
on the performance for a 7 and 2-Tesla system, respectively. Increasing
channel length causes a significant reduction in both cooling capacity and in
COP due to the added frictional losses in the longer channel. Cycle rate at
the maximum cooling capacity also decreased noticeably with increased channel

P’
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Tength. Thus the shorter the Gadolinium channel length the better the cycle
performance.

Figures 11 and 16 show the effect of the Gadolinium ptate thickness on
performance for a 7 and 2-Tesla system, respectively. Reducing plate
thickness, significantly increased cooling capacity and enabled maximum
cooling capacity to occur at higher cycle rates. Maximum COP's remained about
the same for any given plate channel velocity but occurred for slightly higher
cycle rates at reduced plate thicknesses. The thinner plates improve heat
transfer because of less thermal resistance and provide increased surface area
per pound of Gadolinium which lowers finite temperature differences between
the fluid and :late necessary for heat transfer, but increases frictional
losses due to the increased area. However, thinner plate thicknesses are
desirable for improving cycle performance neglecting the magnet performance
which could be adversely affected by facing a larger void with the thinner
plates.

Figure 12 and 17 show the effect of thermal mixing on the perforance for
a 7 and 2-Tesla system respectively. Thermal mixing results from such things
as boundary layer formation in the column causing warmer fluid to be moved
into a region of cooler fluid and vise versa. Thermal mixing was expressed as
a temperature difference along the cold and the hot column caused by the
thermal mixing and was assumed to be the same in both end columns. Increased
mixing temperature decreases cooling capacity slightly and reduces COP
noticeably. Increased mixing temperature results in more of the cooling load
being required to be used in regeneration to cool the Gadolinium plates as the
cold column passes through the plates (process 6 to 1) prior to the reverse
trip (process 1 to 2) where the magnetic field is dropped to obtain the

cooling Toad. Thus, less of the cooling load is available for the external
cooling loop.

Figure 13 and 18 show the effect of the heat transfer temperature
difference between the external loop and the cycle fluid for a 7 and 2-Tesla
system, respectively. Increasing heat transfer temperature difference reduces
both cooling capacity and COP. This results from the cycle operating over a
larger temperature range, thus more heat must be transferred in the same
amount of time. Thus, larger heat transfer temperature differences are
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required between the fluid and the Gadolinium which result in the performance
decrease.

SYSTEM SIZING

An important consideration in selecting a system is its physical size.
To avoid gravitational mixing due to differences in fluid density, the column
would operate vertically with the hot column on top and the more dense fluid
of the cold column on the bottom. The system size is primarily a function of
plate geometry and plate channel velocity. It is assumed that the frontal
area of the plates is the same as the cross-sectional area of the column.
Thus the flow through the plates is at a higher velocity than the column
velocity due to the reduced free flow area caused by plate blockage. The

ratio of free flow area through the plates to the column cross-sectional area
is expressed by

Ry = 55 (39)
P

and the cross sectional area of the column, ACL, is found by

12
A, = X (40)

figure 19 shows the effects of the free flow area ratio, RA, and plate channel
Tength on the column cross-sectional area. Very short plate length and high
free flow area, which show good performance trends, are high in cross-
sectional area and thus volume.

The fluid column length represents about half the system length since the
column must be moved completely through the plates and back again to complete
one cycle. System length was calculated from
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Figure 20 shows a plot of system length as a function of plate channel
velocity, cycle rate, and free flow area ratio assuming plate length equals
zero. Increasing cycle rate decreasing free flow area, and reducing plate
channel velocity will reduce system length. Multiplying equations (40) and
(41) would give an idea of system volume per pound of Gadolinium not including
the magnetic portion of the system. System volumes will be larger than
conventional systems to improve performance.

DISCUSSION OF RESULTS

Present room temperature refrigeration systems operate with best COP's on
the order of 3 to 4. For Gadolinium magnetic heat pumps to be of interest
COP's of at least 5 or greater would be necessary to provide any improvement
over present state-of-the-art systems. Reviewing figures 9 to 18 show that
COP's of 5 or greater occur at plate channel velocities of 2.5 FPS or less for
a 7-Tesla system and at 1.5 FPS or less for a 2-Tesla system. At these
conditions the 7-Tesla system showed a maximum cycle rate of 12 cycles per
minute and a maximum cooling capacity of about 690 BTU per hour per pound of
Gadolinium. For the 2-Tesla system, maximum cycle rate was 4 cycles per
minute with a maximum cooling capacity of about 95 BTU per hour per pound of
Gadolinium. At higher plate channel velocities, maximum cooling capacities of
as much as 475 and 2300 BTU per hour per pound of Gadolinium were shown for a
2 and 7-Tesla system, respectively, but COP was less than two.

Figures 9 to 18 presented the effects of the various parameters on the
system. Based on this information a more optimum system was evalauted using
what were felt to be reasonable geometries and losses. The system shown in
Table 2 was evaluated and presented in figures 21 and 22 for a 7 and 2-Tesla
system respectively.
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Table 2 - Optimum System Parameters

Field Strength 7 Tesla 2 Tesla
Plate Spacing, Sp .060 Inches .060 Inches
Plate Thickness,tp .005 Inches .005 Inches
Plate Length, Lp .250 Inches .250 Inches
Mixing Temperature, AT .. 0.1 °F 0.1 °F
Heat Exchanger, AT,p 1.0 °F 0.5 °F

Using the more optimum plate geometry even with some mixing temperature
effects, system performance was improved. External heat exchanger temperature
difference was assumed higher for a 7-Tesla system since it can operate at
higher cycle rate which requires the larger value. Figures 21 and 22 show the
performance of the 7 and 2-Tesla systems respectively of Table 2. Table 3
tabulates the optimum performance as well as its column size for the system
based on a COP of 5. Maximum cooling capacities at the COP of 5 turned out to
be 1200 BTU/HR/LB of GD at 7-Tesla and 130 BTU/HR/LB of GD at 2-Tesla.

Table 3 - Optimum System Performance & Size

Field Strength 7 Tesla 2 Tesla

cop 5 5

Plate Channel Velocity, Vp 3 FPS 2 FPS

Cycle Rate, Nppy 22 cpm 6 cpm

Cooling Capacity, Qo1d 1200 BTU/HR/LB of GD 130 BTU/HR/LB of GD
System Length, Ls 7.6 ft 18.5 ft

Cotumn Cross-Sectional 12.7 ft 2/ton 117.4 £t 2/ton
Area (Ac ) per ton of

refrigeration _

Column Volume per ton of 96.5 ft 3/ton 2172 ft 3/ton
refrigeration

Higher cooling capacities are possible but only at COP's less than or
comparable to present state-of-the-art systems and thus no performance
incentive to consider magnetic heat pump application.
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The 1200 and 130 BTU/HR/LB of GD for the above system (COP = 5) is the
maximum to be expected with any significant improvement in COP. Mixing
temperature loss was assumed to be 0.1°F in the above system. Low mixing
temperature loss may only be possible if velocity profile formation in the
column is retarded. This could require some arrangement such as walls that
move with the column to avoid velocity profile formation across the column.
The above system will require 10-pounds of Gadolinium to obtain one-ton of
refrigeration (12,000 BTU/HR) at 7-Tesla and 92.3 pounds of Gadolinium at 2-
Tesla.

Table 3 also includes an idea of the column size obtained from use of
equations 39 to 41. Column volumes of 96.5 and 2,171 ft3/ton of refrigeration
were obtained for a 7 and 2-Tesla system respectively. Column lengths were
7.6 and 18.5 ft for the 7 and 2-Tesla system respectively. These systems were
sized for optimum performance rather than minimum size. Size could be reduced
some at the expense of performance but would be considerably higher than the
estimated 4-8 ft3/ton for a freon type air conditioning system. The above
column volumes do not include the volume of the magnetic system. The magnetic
heat pump system will be considerably more voluminous than the more
conventional state-of-the-art systems. Unless the field strengths could be
pushed considerably beyond the 7 Tesla 1imit considered, magnetic heat pump
column size can not be significantly reduced to compete with conventional
systems.

In this analysis, the magnetic circuit efficiency, g m » Was taken as
unity. Any losses in the magnetic circuit are not reflected in the system
COP's that are presented. Generating the magnetic field represents the work
input to the system which is part of the basis on which COP is determined. In
equation (38) for COP, 04-5'QF4-5 represents the energy drawn from the magnet
by the Gadolinium plates. Any 10sses in generating and transmitting this
energy to the plates is included in, the magnetic circuit efficiency and makes
the work input to the magnet equa1$é4_5 'QF4-5 /ﬁm . Figure 23 shows the
effect of magnet circuit efficiency* on COP calfulated from equation (38)
compared to an T =1 ideal case. For the COP of 5 case, a magnetic circuit
efficiency of 0.9 would result in an actual COP of only 3.0 which barely
approaches state-of-the-art systems. Magnetic circuit efficiencies of greater
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Figure 23: Effects of Magnetic Circuit Efficiency on COP
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than .95 appear to be necessary to assure high COP performance.

The magnetic heat pump has been analyzed starting with a series of ideal
processes and modifying these for the major losses. Friction losses could be
calculated with a reasonable degree of certainty. However, mixing losses in
the column were difficult to evaluate and were estimated over a reasonable
range to show its effects. Actual calculated estimates for mixing losses |
would be required for any further serious consideration of the cycle. The ?
cycle was evaluated with magnetic field strengths up to 7-Tesla which is the ‘
present limit of superconducting magnets. Improvements in field strength
above this 1imit should impact favorably on this magnetic heat pump cycle by
improved performance per pound of Gadolinium and reduced columm size. The
external heat exchanger loop which removes the cycle cooling load would
ideally operate over a very small heat transfer temperature difference to
improve cycle performance and the impact of the actual heat exchanger design
on the system must be considered in any further consideration of cycle.

CONCLUSIONS

Based upon the idealized thermal analysis of the magnetic heat pump the
overall conclusion is that the particular system studied is not attractive for
shipboard use due to its large size and unspectacular perfomance. An improved
analysis and consideration of the magnetic and electrical portion of the
system will most Tikely show that the performance, weight and volume are
inferior to conventional freon heat pumps.

The following specific conclusions should be noted:
0 A 7-Tesla system would provide approximately 4 to 6 times the
cooling capacity of a 2-Tesla system for similar conditions and with
COP's as much as 30 to 50 percent higher.

o The ideal plate geometry would minimize plate thickness and plate
length and increase plate spacing to provide best cycle performance.

o At a cycle COP of 5, a 7-Tesla system could provide a cooling
capacity of 1200 BTU per hour per pound of Gadolinium while a 2
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Tesla system would operate around 130 BTU per hour per pound of
Gadolinium. Higher cooling capacities are possible but at
unfavorable COP's while higher COP's are possible but at reduced
cooling capacities.

0 Magnet circuit efficiency must be high to obtain high COP's.
Magnet circuit efficiency of 80 percent or less would result in
actual operating COP's that are lower than best conventional systems
that range around COP equal 3 to 4. Magnet circuit efficiencies of
95 percent or better are needed to consider magnet heat pumps for
improved performance.

o The magnetic heat pump investigated would be considerably larger
than a conventional state-of-the-art cooling system by as much as an
order of magnitude.

o0 Increasing magnetic field strength can decrease the system size
significantly by increasing the amount of cooling capacity, possible
per pound of Gadolinium. However magnetic field strengths much
greater than the present superconducting state-of-the-art limit of
7-Tesla must be possible before the magnetic heat pump investigated
could compete in size with conventional systems.
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Appendix A: Magnetic Heat Pump Performance Computer Program
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DO

PPOGPAM MASHEAT (INPUT,JUYTPUT,TAPES=INPUT,TAPES=0UTPUT)
THTIS PROGRAM -VALUATES THZ PERFORPMANTCI 0OF AN ZRICSSON CYMLE
MAGNETIC HEAT PUMP FQ? RQNCM TEMPEPATURE APPL ICATIONS USING
GATCLINIUM,
COMMON QCX(50450) ,VELX(50,57) ,NRX,NV(50),r0PX(50,50)
COMMON WO LCsTC,TP,TFH,TF,DTM,DTW,RCU
CCMMCN N, NN
RTAL LCy KW, KF4MUF yNUF 4L N, PR
INTELER PHI
NPIMENSION PHI(32) yNUF(32),TFX(10),RHOX(10),CFX{10),XKF(10),XMU({10)

$TU3),FQIL1)pV(20)

DATA((NUF(I)’I=1,32)=.501.,105,2.92.“8,2.95'30“2'3085'“n23'“0561

‘5.18,5089'6'67'7016'7050'0.0“’8067'9054'19.~011¢6'1301|1“0b'1602'
1959234099260 392943933:593949950.2457.2,462.4)

NATA (PRI (J)yJU=1432)=24293041596479%499104212415420425+430,40,60,0°0,

*+13°,203,307,400,600,100),20600,3600,4000,6009,100Q00,20000,30G00,
*4L0007

DATAC(TFX(I)9I=1,9)=232.945045T0960e970.980.+904,100.4150.)
DATACI{RMOX(I) y1=21,9)=62.42,R2.42+152.429672.39962:31,62.23,62.114F1.,

*8R,A1,20)

DATA{(CFX(I)yI=1990=147141.)0+1.009.999,.398, .998,.,397,,.,998,1.00)
DATA ((XKF(I) 9I=1+3)=263199.32%59¢2321e3409e347946353903539+36b454284)
DATAC(XMUIT) g 1214912102910 lyeBB,ye7594658,63739451b,y.458,,.292)
PATA(IFQUI) 9021011038092 01b8e9Be9120918,492609300,4044504460.)
OATA((V(K).K=1'20)=O5'1"2.'3.’“6'50'60'7.’80'9.5'11Q'1205'1“.'151
15917.918.59204921:5522.5,22.5)

N=0

NN=1

1 QEﬁn(sglﬂﬂlHC,TC,LC,T°,ﬂTN,QﬁUpQTN
100 FORMAT(8FL].&)

NOX="

IF(WG.2Q.d.0) 50 TO 399
D0 A0 J=1,11

FREN=FQ(J)

WRITE(D6,101) WCHLC,TC,¥P

101 FORMAT(1H1/2X ,“CHANNEL WIDTH =",FBeT 4™ IN",S5X"CHANNEL LENGTH =*,F

87435 INT",SX,"PLATE SPACING ="3FH6+3,° IN™,5X,"PLATE THICKNESS =",F
$He34" IN"/)

TFH= RS,

TFr=24L5,

TFI=(TFH*TFC) *,5

Y(1)1=TFC=NTHW

T(2)=TFH+OTW

T(*)=TFT

TIRP=1,

BHU=ACy

ECL:U.

CALL rDPROP(1,B8CU,T(1),NTCL,STCUI,BTCLY
CALL GOPROP(1,BCL,T(1),7TCL,STYCLI,,BTCL)
CALL 6H0PROP (1 43MU,T(2)NTHU,STHUI,BTHU)

19
STHLI=STHUI#STCLI=STCUI oo
STAT=(STHUL=STCUI ) /7 (T(2)=T (1)) C 00 o™
AF2WC*TC/ Lab, \0 9&0""“
ASaWCELC/164b,%2, 205° e g
De=zt.*LC/12.%AF/AS &t e

OH=2.*WCOTC/(TCeWC) /12,

ol
PHOW=430,7 C;&,s
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P

¢

KW=6, &

CPGN=0.071

NPASS=1728./RHOW/ (WC*LC*TP) + 14
GNMCLE=157.26

TO=453,7
WRITE(6,187) TFH,TFC,FREN,NPASS,DTW, DM, 8 Y
102 FOPMAT(2X,"“TEMPERATURE HOT END =",F&,1,~ F TEMPERATURE COLD €N
0 ="yFBely™” F CYCLES/MINUTE =*,F5,1,5X," "NO.OF CHANNELS/LY =*,1

$5//72X,“HEAT EXCHANGER TEMPEOATURE NIFFERENCE = yF5.1," F* ,5X,“MIX]
*NG TEMPLRATURE CHANGE =" ,FS.1,% F",TX," MAX.FIELD =*,Flk.1," TESLA™
*/7)
WeIT® {6y 198)
WRITE(H,199)
198 FORMAT (1X,* VEL REY.NT. HAF TIME NeEL =T PHI F
*HL v ua g QF DT-CHR  TIME LENGTH™)
199 FORMAT(1X," (FPS) tSEC) (1N
*.H20) (B/HF2R) (3/H=R)  (8/H) (B/H)  (F) (SEC)  (FT1™) ;
NV X=0 ;
£O 50 K=1,20 :
ch=ﬂo
~HYX= 0.,
nCF=n,
DWF =N,
ner=g,
DFH=(,
CFFC=0,
NFFH=Q,
oGnC=0.
UGCH=0,
NCT=0
0YPEG=0.
TIRRP=1,
3 VEL=VIK)
VELCH=VEL*TC/(TC+TP}
O &0 =1,3
no 5 1=2,9
IF(TILILLT.TFX(I)) GO TA 3r
& CONTINUE
30 FPA=(T(L)=TFX(I=1)1/ (TFX(I) =TEX(T=1)) "
PHOF=RHOX (T=1)% (1 .~FBC) +RHOX (1) *FRC <
CF2CFX(I=1)%(1,=FRC)+CFX(I)*FRC &gﬁ.do
KF=XKF(TI«1)*(1.=-FBC)+XKF(I)*FQ(C ¢3 &S>
MUF=XMU(T=1)*(1.=FBC) +XMU(T) *FBC IV &
MUF=MUF3$ (0,001 R
PP=rFEMUF/KF*3600. O .
GF =RHOF* VEL *3600, 37
REY=QHOF *VEL *DH/MUF s
IF(9FY,GT.3000.) GO TGO ? Cpé‘ N
PH=CFSGF*DI*DE/ (KF*LC/124) qg§>
F96+/ (REY* (1,+TC/WC) *52)
GO TO 8
7 F=0,184/REY**0,2
8 HL=LC/NHAVEL*VEL/2,*F/ 32,174
IF(REY.LT.3000.) GO TO 21
HAF =0,023*KF/OHREY®%],3%PR¥%0, T3
60 TO 22
21 CONTINUE

73
DTNSRDC PAS-82-11

R g




nO 10 I=2,7%2
10 CONTTNUE
15 FACZ (PH=PHI(I=1))/(PHI(T)=PHTI(I-1))
FNUSNUF (I=1) +FAC® (NUF (L) =NUF (I=1))
GO ro 25
20 FNU=NUFI(I)
25 HAF=FNU®*KF/DE
22 TIMS=LC/(12.*VEL)
TIMH=TIMS/3600,
Uz1le/ (1o /HAF+TP/2u4/KHW)
UAS=U*aS
[F(TIRR,EQ.1.) /0 TO 23
IF(L=2) 26,27,28
23 DTWC=(DTMeNCF) /2.
TCU=T(1)=DTWC
TOCUW=T (1) +NTHC
TCLW=TCUW=0FC
{ TCL=TCLW=-0CX
IF(DGNC.GT.DFC) GO TO sn
l CALL GODPROP(1,3CU,TCU,ITCU,STCU,RTECIN
CALL GOPROP(1,3CL,TCL,OTCL,STCL,BTCL)
IF(STAL.LT.STCU) GO TO 50
X NTC=NTCU=-DTCL
! STR=STCU=-STCL
DTWH=(OTM=0HF) /2,
THL=T(2) +0TWH
THLW=T(2)=DTWH
THUW=THLW+NFH
THUS THUW #DH X
7 CALL RDPROP (1,3HU, THU, I THU,STHU,3THI))
3 STHL=STHLI+STOT* (THL=T(2))
IF(STHL.LT.STHY) GO TO 50
CALL GOPROP(2,STHL, THL,y PTHL, STHL y3THL
DTH=DTHU=DTHL
STH=STHL=STHU
] QPG= ( (THU=TCUW=UTREG) + (THLW=UTREG=TNL}) *COGN*FREQ®*6 0,
3 QR=NRG
. Ar=(STCL=-STCU) /GOMOLE®* ((TCL+TCUI/2. +459.7)*FREN®GQ,
QH= (STHL=STHU) /GDOMOLE®* ((THL+THUY /2., +459,7) *FREQ*60,
QTOT=3R+ (Un+QH) *2,
TICC=QC/QTNT
TIRR=AR/QTIOT
k- TIHH=QH/GQTNT
# 0 TN 3
:': 26 QR=nNC
k5 TIM=TICC/FREQ*60., -
DTREG=QC/UAS/TICC/NPASS
DCX=NTREG
LEN=VFLCH*TIM
CLEN=LEN
CH=(STCL=STCU) /GOMOLE®* (T (1) +459,7)V/NT"
R OFLT=FXP (=HAF*TIMH/ (CH*RHOW*TP /24, ))
¥ QF=HLSRHOF*AS®VEL *4,6293*TICC /12, *NPASS
* QrF=qF
i HCNT=GF*AF*TICC*CF*NPASS
OFFC=0F/HCNT

e
;¥ NP M

t)
o
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OFC=(QC=QF ) /HCNT
IFINCT LT.3) GO TO 40
WRITE(6,103)

103 FORMAT (1H )
APER=(DFC=-DFFC=0GOC)/NF"
IF{ARPERLLE.Q.) GO TO 59
QR=(QC=QF ) *APFR
GO TN 29

27 QR=NH
TIM=TIHH/FREQ®*6T,
OTREG=JH/UAS/TIHH/NPASS
NHX=NTREG
LEN=VEILCH®TIM
HLENsSLEN
CW=(STHL=STHU) /GOMOLZ* (T (2) +459,7)/0TH
NELT=EXP (=-AF*TIMH/ (CH*IHOW*TD/24,))
QF=HL®*RHOF*AS*VEL®*4 . 6293%*TIHH/12 ., *NPASS

{ GHF =OF
HONT=GF*AF*TIHH*CF*NPASS ;
i OFFH=QF ZHCNT |

DFH= (QH+QF ) /HCNT
IFINCTLT.3) GO TO 40
: APE = (OF H+JFF H=0GDH) /DFH
! G0 TO 29
{ 238 QR=1RG
] TIM=TIRR/FREQ*60.
LEN=VFLCH®*TIMN/2,
RLFN=LEN
CTREG=QR/UAS/TIRR/NPRASS
CW= (STHU=STCU) /GOMOLE*(TFT+4L59,7)/ (TFH=TFC)
NELT=FXP (~HAF*TIMH/ (CW*OHOW*TP/24.) )
QRF=HL *RHOF*AS*V=L *4, 6293*TIOR/12, *NPASS
i QF=QRF
HCNT=GF*AF*TIRR*CF*NPASS
OCF=NRF/HENT
OHF=NCF
l OLDC=CPGO*FREQ*60.,® (2. *OTWC+CTREG) /(GF*AF*TICC®*CF*NPASS)
OGOH=CPGD*FRELQ®*60,* (2. *OTWH+NTREG)/ (GF*AF*TIHH®*CF *NPASS)
IF(NCT L T.3) GO TO &0
29 WPITE(6,200) VELYREY MAF TIMS,DELT 4PH,FyHLyUyUAS, QR,3JF,
SUTRZG,TIM,LFN
2‘10 FOPMAT‘F6.2,2F9.2’F6.3'F7‘L,Fa.2'FB.L’F7C 3'F9!29F8.3’F7-1'F702'F70
$3,F7.24F8,%)
LD CONTINUE

IFENCT.LT.3) GO TO 48 ©
BETAZ(TFC+459.7)/ (TFH=TFC) N
COP= (AC=QCF) *APER/ (QH=(QC=CCF) *APER) RO
RATTO=COP/SETA (§f§g
TLEN=CLEN#HLEN®RLENSLC/12. * (1, =TC/ (TC+TP)) ot
TILEN=TLEN®12, : S

TLRAT=TILEN/LC

TIRP=1,
"0 70 3
49 WPITE(64300) BTHL,DTC,0TH,”CU,3ETA,COP,RATIO
300 FORMAT{ /S5X"BHL =" FBs34SX¢"DTC =" 4F7.2,5X4"NTH =" ,F7,2,5X,"9CU =
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PO FBeI9SXy"BETA ="y F7e295X,""COP =",F7.3+5Xy""RATIO(COP/BZTA)=",FT7 4
*)
WRPITE(6,301) STCU,STCLySTCy<THUSSTHL,STH,TLRAT
301 FOBPMAT( SXy"STCU ="yF7e394Xy"STCL ="y F7e39u4Xye"STC ="yF7e3ytXa"STHU
» =“’F703QQX,"STHL =“,F7.3,QX,"STH =“,F7.39SXQ"LENGTH RATIO=“,F8.2)
WRITE(5,302) TCL,TCUyTHL 4 THUsTLEN,TILEN
302 FOMAT( SXs " TCILBYI=S " yF7e295X " TCIUB) ="y F7e2y5Xy™TH(LB)="yFT42,5X,
PETH(UB)I= " 3F74¢295X 3™ ™TOTAL LENGTH =™4F7 .34 FT (",F7.2,*" IN}*)
WRITE(6,104) TCU,TCLW,TCL,CCF,DOFC,DFFC,DG0C,DTHWC,yAPER
WRITE(6.10%) THUyTHUW9THL yDHFyODFH,DFFH,DGDH,DTWH, APEH
104 FORMAT(9F14.4)
IF(APER.LT.0.,) GO TO 610
IF(QCF,.,GT,.QC) GO TO 60
IF(NVXeEQeO) NRX=NRX+1
NVX=NVX+1
VEL X INRX 4 NVX)=VEL
OCX (NRXyNVX)=(QC-QCF ) *APER
COPX (NRX NVX)=COP
NV(NRX)=NVX
50 CONTINUE
60 CONTINUE
N=N+1
CALL GRNBRD
GO 70 1t
9399 STOP
END
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SURPCUTINF GOPROP INCASS,,X,Y¥,MT,ST,3T)

THIS SUBRQUTINZ CONTAINS PHYSICAL PROPFRTIFS OF GADOLINIU“,

DIMENSTON TK(14)48(5),DTK(5,14)4S(S5,16),DTL(14),SIL(14)

CASt 1= XA{TESLA)

Y{TZ4D)

CASF 2= X (FNTROPY) Y{TE4P)

CATACITK(L) s 121y 10)=263492F34427349278,,28%,,288492934+298.,333.,

*TGA.9313.,318.9323.,328.,)
CATA((B(I)4I=145)=70a95e93erlerl.)

c“A(‘(DTK(J’I”Izl,lk)'J=1,q)3

? 7.40s 8,179 870
*4r.355,10.2Uy 9.
50““’ 6000, 60

n

11,

62y 7.32,

Te320 7Tolly H.40,

»

T 1,45, 3,76, 4,

* “.QC' 307“’ 3'14’
1 1.”51 10“1’ 1-

$ 2.92y 265, 1,

20, 4.72,

564 1.79,

53,

9465910.80412.31,1%.95,13.72,13.28,12.51411.63,

QQ?O, 9.75,11-02,10.70,10.13. QO“S’ “c’OO

5.50, 6,70,

2.1b, 2.72,

782y 7.35, 6470, S5.85y 5.12,

3.5y 2,92, 2,31y 14674 1.26,

200'00'00900,001001009tovao'JoQUQyQ-’O-'Uo,
CATA(L(StJaINsI=Ly1b),4=1,5)=
T1le51,16e77516e89415407,515,24915.42915459,15.77,15.93,16.10,16.26,

‘16-*1'1605a'1b0

73,

S16.58414e77 9140969150139 15.71415449915:68,415¢85416402916.20416.36,

#16¢519164.67416.

A1,

31“.69'1~.33,15.0“915.2?.1‘.*0.15.40,15.78.15.QG.16.13.16.30.10.“7'

'1t.61'16077'160

90,

1160704160999 15014915633915.53715¢72515692,106411,166299164bb,16,560,

*16.73,156.87416.

98,

Zi“l7q01“l$q'15019'150“0'15'6n915.33'160060100,2.1b037'16050'16061'

$16.76,16.84,15,

IF(NCASE.FQ.2)

10 T=({v=32.)%*5./9.

o1l J=3,5
IF(X.GELB(J))
11 FONTINUE
12 "™ 13 I=3,14
IF(T.LE.TKITI))
13 CONTINUE
16 L2=71
Li=T-2
nno15 L=L1,L2

9M
GO TO 23
+273.

GO TO 12

GO TO 1u

CALL TRIQUA(B(J=2)43(J=1),B(J)yDTK(J=2,0L)NTK(J=1,L),DTK(JyL) ,A1,

*A2,A2)

CALL TRIQUA(B(J=2)48(J=1)+8B(J)eS(JI=24L)sStU=14L)ySCJsL),B1,BE2,87)
DTLIL)=A1*A*X+A2%X+ A3
STL(L)=31%K*X+82%x+1Q]

_15 CONTTMUE

CALL TRIUWUA(TK(I=2) ,TK(T=1)yTKCL}oNTL(T=2),7TL(I-1),0TLII),C1,C2,

*t3)

FALL TRIQUA(TK(I=2),TK(

s0?)

CT=(12T*T+ ., 2%T+C3

0T=0T*9,./5.

ST=01#T*T+22%T+03

RETUPN

24 T=(v‘320)‘50/Qa02730

D0 21 I=3414
TFITLLE.TK(I))
21 rONTINUE

GO0 TO 22

77
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22 DO 27 J=1,5
CALL TRIQUA(TK(I=2) 3 TK(I=1)4TK(I)yOTK(JgI=2)90TKIJyI=1),DTK(JyI),
3C1,E24,E3)
CALL TRIQUA(TK(I=2) yTK(I=1)yTK(I)9StUsI=2)9S(JeI=1),4S(JyI),yFL,F2,
*F3)
OTL(J)=EL*T*T+E2*T+E3
SIL(J)SFL*T*T+F2*T+F3
23 CONTINUE
00 24 J=3,5
IF(X.LELSIL(J)) GO TO 25
24 CONTINUE
25 CALL TRIQUA(SIL(J=2)sSTLI{J=1)SILIU),DTL(J=2),DTL(J=1),DTL(LN),
¥*G1,G24G3)
CALL TRIQUA(SIL{JU=2)3SIL{ =1)4STLIJ) 3R (J=2)48(J=1),8B(J)HL1,H2Z2,HI)
DT=G1*X*X+G2*X+G3
DT=NT*9,/5.
BT=H1¥X*X+H2*Y +H3
RETURN
END

SUBROUTINE TRIQUA(X1,X2,X353Y1,Y2,Y3,A48,C)

c THIS SUBROUTINE FINDS COEFFICENTS FOR A JUADRATIC EQUATION
A={1,/(X2=XZ)) ¥ ((Y1=Y2)/(X1=X2)=(Y1=Y3)/(X1=X3})
B=(Y1=Y2)/(X1=-X3)=A*(X1+X3)

C= Y2-4%X2*Xx2=-32X2
RETURN
END

Copy available to DTiC does not
pemit fully legible reproduction
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SURRJUTINE GRNARD

THIS SUBROUTINE PLOTS THE NUTPUT OF THE MAIN PROGRAM,
COMMON QUX(50,50) sVELX(50457) ,NRX,NV(51),7NPX (53,50}
COMMON WC,LC,TC,TP,TFH,TFC,NT4,0TW,RCU

COMMON N NN

CIMENSION VELXX(50) 4QCAX(57),COPXX(50),IPAK(120)

REAL LC

CALL n"OMP0S

CALL BGNPL(N)

CALL PAGE(11.58.5)

CALL FHYSOR(9.8,1.5)

CALL NO3RO°

CALL TANGLZI t91,)

CALL TITLE(™ "40,"GAOOLINTUM™ FLATE CHANNEL VELOCITY = FT/SEC3",100Q
14*CONLING CAPACITY = ETU/HK/LY NF GN (SOLID LINES)3*,10046448)
CALL HEIGHT (,13)

CALL MZISSAG("MAGNETO THTRMAL HEAT PUMP PSIFQIMANCE ATE*,100,42,9.)
CALL 2EALNO(3CU,1,"A3UT™,"83UT*")

CALL MESSAGI(*™ TESLAS™,1)N0,4UuT",~AnUT")

CELL HFIGHT(.N9)

CALL MESSAG( CHANNEL FITGHT,TN,=2*", 100y=.749.H)

CALL REALNO(NWC,2,"ABUT*,"AFYT")

CALL MSSSAG(*™ OLATZ SPACIMGIN, =3,10","430T*",*A8UT")
CALL REALNOU(TC 434" ABUT™,"AFJT*)

CALL MESSAG(* TEMP,,HOT NN ,F =3*,100,*A3UT",*“ABUT*)
CALL REALNO(TFH, U0, ABUT ™, A2 1T**Y

CALL MESSAG("™ MIXING TEMP,F=%",100,"AbUT",*48UT")

CALL REALND(DTM,1,%A3UT*" " A01T")

CALL MESSAG(*CHANNEL LZIMGTH,IN,=3*,100,=47,8.3)

CALL RFALNJUILCs24"ABUT* " LFIT™")

CALL MZSSAG(™ PLATE THICKNESSyIN«=%",100,A3UT*","A8UT"*)
CALL REALNO(TP,3,"ABUT™,""2F1T*")

CALL MESSAG(* TEMP COLN EUC,F=38"41CN,*A3UT*,"ARUT"™)
CALL REALND(TFC,0,"ABUT",""831T*™)

CALL MESSAG(™ HeEo DELTA=T , ,F=2, 10, ABUT ", 23UT*)

CALL REALND(DTW,1,"ABUT™ L0 T*)

HPL=0,1

CALL HEIGHT (HPL)

INUMMY=LINZST(IPAK, 120,40)

CALL LINES(13H 1=-CYCLE/MIN®,IPAK,1)

CALL LINES(13H 2=-CYCLE/MIN,,IDAK,2)

CALL LINES(13H 4=CYCLS/MINT ,IPAK,3)

CALL LINES(13H4 8-CYCLE/MINT, TPAK,4)

CALL LINES(13H12-CYCLE/MIN?,IPAK,S5)

CALL LINES(13H18=-CYCLE/MINS,IPAK,bH)

CALL LINES(13H24=CYCLE/MINS ,TIPAK,7)

CALL LINES(13H30-CYCLE/MINE,IPAK,A)

CALL LINES(13H640-CYCLE/MIN® ,IPAK,9)

CALL LINFS(13HS50=-CYCLE/MINZ,TPAK,10)

CALL LINES(13H60=CYCLE/MINS,IPAK,11) aces o

XW=XLEGND (LPAK,NRX+1) DTIC © v
aqble p{e] (od\l

YH=YLEGND (IPAKyNRX+1) oycﬂﬂ *ﬂ3199

XWAZ5,8=XW (;op‘*l.\t oY legt

YHA=7 ,8=YH peﬂﬁ

CALL 8LNK1(-7.9,-7.70YH,5.7-!“,5.9,1)

CALL FRAME

CALL RESET(™HEIGHT™)
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20

25

CALL XTICKS(?}

CALL YTICKS(3)

CALL XLOG(e3934904975.0)
CALL OoT

CALL GRIN(1,1)

CALL RES=T(*02T*™)

CALL SPLINF

CALL NOCH-K

DO 10 NC=1,NRX

NPX=NVINC)

DO 8 I=1,NPX
VELXX(IY=VE_X(NC,I)
QCXX(I)=QCX(NZ,1I)

CONTINUE

CALL CURVE(VILXX,QCXXsNPX,3)
CONTINJE

CALL YTICKS(2)

CALL YGRAXS(0.516512.58.,"COEFFICIENT OF PERFORMANCE (DASHED LINES
1)3",-10‘],6.,0.)

CALL DASH

DO 20 NC=1,NRX

NP X=NV (N7)

CALL MARKzR(NG~1)

DO 18 I=1,NPX
VELXX(I)=VF_X(NC,I)
COPXX(I)="0PX{NC,I)

CONTINUF

CALL CURVZ(VZLXXyCOPXXyNPX,2)
CONTINUE

CALL RESET("3LNK1*)

CALL HEIGHT(HP_)

CALL LEGEND(IPAK)NRXyXWA,YHA)
CALL ENDPL(N)

IF (NJ.EQ.NN) 53 TO 25

RETURN

CALL DONEPL

RETURN

ENOD

1 AES DO\
mic 9%
10 cho
! avoi\'v‘b\\egible 1eprod™
CoP? “rally €
it
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- DTNSRDC ISSUES THREE TYPES OF REPORTS

i

: 1. DTNSRDC REPORTS, A FORMAL SERIES, CONTAIN INFORMATION OF PERMANENT TECH-
s NICAL VALUE. THEY CARRY A CONSECUTIVE NUMERICAL IDENTIFICATION REGARDLESS OF

* THEIR CLASSIFICATION OR THE ORIGINATING DEPARTMENT

2. DEPARTMENTAL REPORTS, A SEMIFORMAL SERIES, CONTAIN INFORMATION OF A PRELIM-
INARY TEMPORARY,K OR PROPRIETARY NATURE OR OF LIMITED INTEREST OR SIGNIFICANCE.
= THEY CARRY A DEPARTMENTAL ALPHANUMERICAL IDENTIFICATION.

3. TECHNICAL MEMORANDA, K AN iNFORMAL SERIES, CONTAIN TECHNICAL DOCUMENTATION
OF LIMITED USE AND INTEREST. THEY ARE PRIMARILY WORKING PAPERS INTENDED FOR IN- E |
TERNAL USE. THEY CARRY AN IDENTIFYING NUMBER WHICH INDICATES THEIR TYPE AND THE
NUMERICAL CODE OF THE ORIGINATING DEPARTMENT. ANY DISTRIBUTION OUTSIDE DTNSRDC
MUST BE APPROVED BY THE HEAD OF THE ORIGINATING DEPARTMENT ON A CASE-BY-CASE
BASIS.
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